To elucidate the pathogenic mechanism of Salmonella enterica serovar Gallinarum, we examined the expression of the genes encoded primarily in Salmonella pathogenicity island 1 (SPI-1) and SPI-2. These genes were found to be induced as cultures entered stationary phase under high-and low-oxygen growth conditions, as also observed for Salmonella serovar Typhimurium. In contrast, Salmonella serovar Gallinarum in the exponential growth phase most efficiently internalized cultured animal cells. Analysis of mutants defective in SPI-1 genes, SPI-2 genes, and others implicated in early stages of infection revealed that SPI-1 genes were not involved in the internalization of animal cells by Salmonella serovar Gallinarum. Following entry, however, Salmonella serovar Gallinarum was found to reside in LAMP1-positive vacuoles in both phagocytic and nonphagocytic cells, although internalization was independent of SPI-1. A mutation that conferred defects in ppGpp synthesis was the only one found to affect animal cell internalization by Salmonella serovar Gallinarum. It was concluded that Salmonella serovar Gallinarum internalizes animal cells by a mechanism independent of SPI-1 genes but dependent on ppGpp. Intracellular growth also required ppGpp for the transcription of genes encoded in SPI-2.
Salmonella enterica serovar Gallinarum is a fowl-adapted pathogen causing typhoid fever in chickens, often with a high mortality rate. (59) . Most western countries have succeeded in the elimination of the diseases by improving the surveillance and slaughter practices. However, in South America and Asia, outbreaks of fowl typhoid have seriously threatened the poultry industry (60) .
In contrast to other Salmonella serotypes, little is known about the genetic basis of Salmonella serovar Gallinarum virulence and the molecular mechanisms involved in systemic infection and the development of fowl typhoid. The 85-kb serovar Gallinarum plasmid is known to be essential for virulence (6) . Two pathogenicity islands, Salmonella pathogenicity island 1 (SPI-1) and SPI-2, which play key roles in mediating disease by Salmonella enterica through their respective type III secretion systems (TTSS) (36) , have been described. The TTSS mediates the translocation of various virulence-associated effector proteins from bacteria into the host cells (33) . Based on studies of the cellular and molecular mechanisms of typhoidlike disease in S. enterica serovar Typhimurium-infected mice, SPI-1 is considered to be essential for the invasion of animal cells by Salmonella, and SPI-2 is required for intracellular proliferation and survival (16, 29) . Several of the other SPIs have also been identified in serovar Gallinarum, and these SPIs share significant homology with those from other serovars, although their functional role has yet to be confirmed (56, 67) .
In the case of serovar Typhimurium, the SPI-1-encoded TTSS translocates bacterial effector proteins into the host cell cytosol to reorganize the cytoskeleton during invasion, resulting in membrane ruffling and eventual bacterial uptake, in which bacteria are enclosed in a membrane-bound vacuole, the Salmonella-containing vacuole (SCV) (26) . The survival of bacteria within the SCV has been attributed to the incomplete fusion of this phagosome with the prelysosomal and lysosomal compartments (27, 52) . Phagocytes normally incorporate microorganisms into a membrane-bound compartment or phagosome, which matures by sequential fusion with a series of endomembrane compartments (21) . The resulting changes in its composition and luminal pH confer its characteristic bactericidal properties to the phagosome. The survival of Salmonella can be attributed to its seclusion within SCVs, rendering it inaccessible to most host defense mechanisms (21, 27, 52, 68) .
It has been well documented that the expression of the SPI-1 secretion system and the expression of its secreted effectors in serovar Typhimurium are coordinately regulated by SPI-1-encoded HilA, a member of the OmpR/ToxR family of transcriptional regulators (42) . Other SPI-1 genes regulated by HilA include invF and sicA (15, 17, 18) . InvF, a member of the AraC/XylS family of transcriptional regulators, in conjunction with SicA, a TTSS chaperone, takes part in the coordinated regulation of all SPI-1-encoded genes. It was previously shown that SPI-1-encoded genes in serovar Typhimurium, including hilA, are induced at the onset of stationary phase (late exponential phase) under physiologically well-defined standard growth conditions (LB with vigorous aeration) (63) and that stationary-phase induction requires the stringent signal molecule ppGpp (7) . A recent study revealed that the expression of SPI-2 genes is also ppGpp dependent (66) . ppGpp is synthesized by two synthetases, PSI and PSII, which are encoded by the relA and spoT genes, respectively. Enteric bacteria exert a stringent control over ribosome production that is mediated by ppGpp during the transition from exponential growth to stationary phase (54, 65) . The accumulation of ppGpp at the end of the exponential phase has been considered to result in a reduction of stable RNA synthesis and the activation of those genes involved in the maintenance of growth-arrested physiology and the survival of environmental stresses (7, 11) .
In an attempt to elucidate the pathogenic mechanism of serovar Gallinarum, we have examined various serovar Gallinarum mutants defective in SPI-1-or SPI-2-encoded genes and found that SPI-1-encoded genes are not involved in the uptake of bacteria into animal cells, although they were induced and secreted in a manner similar to that seen for serovar Typhimurium at the onset of stationary phase during growth under standard conditions. Microscopic observation revealed that serovar Gallinarum resides in SCVs following entry into both phagocytic and nonphagocytic cells. We thus conjectured that an alternative route independent of SPI-1 is responsible for the uptake of serovar Gallinarum into animal cells. Here, we demonstrate that among various serovar Gallinarum mutants, only ppGpp-defective serovar Gallinarum showed significantly reduced entry into several types of animal cells, suggesting that the factor(s) involved in animal cell entry is under the control of ppGpp.
MATERIALS AND METHODS
Bacterial strains. The serovar Gallinarum strains, all derived from wild-type SG3001, used in this study are listed in Table 1 . All bacterial strains were constructed according to the method developed by Datsenko and Wanner (19) . The gene(s) carrying either kan or cat in the place of its open reading frame(s) was generated by PCR amplification using the respective pair of ϳ60-nucleotide (nt) primers that included 40-nt homology extensions and 20-nt priming sequences with pKD13 as a template ( Table 2 ). The PCR products were purified and transformed into bacteria carrying a Red helper plasmid (pKD46) by electroporation. The electrocompetent cells were grown in LB broth with ampicillin and L-arabinose (1 mM) at 30°C to an optical density at 600 nm of ϳ0.5. The mutants were confirmed by PCR using original and common test primers: k1 (CAGTCATAGCCGAATAGCCT) and k2 (CGGCCACAGTCGATGAATCC) for kan or C1 (TTATACGCAAGGCGACA AGG) and C2 (GATCTTCCGTCACAGGTAGG) for cat. Serovar Typhimurium strains carrying lacZ genes transcriptionally fused to the hilA or ssrAB promoter on the chromosome adjacent to putA gene were constructed by the modification of the method developed previously (19, 61) . Briefly, we cloned the hilA (positions Ϫ200 to ϳϩ100) or ssrB (positions Ϫ200 to ϳϩ100) promoter region into a plasmid derived from pRS415 (61) , which carried a lacZ structural gene and a cat gene in the place of lacYA in pRS415 (data not shown). Test promoter::lacZ::cat was amplified with primers that contain sequences for the putA site of S. enterica serovar Typhimurium: 5Ј primer GAAATCGCCTGTTAATGGTACCAATAGCCTTGACGCAATAGA GTAATGACCGAGGCCCTTTCGTCTTCAAGAATT and 3Ј primer CGTCAT TGTCAGTCTCTTACAGAAAGATTACACGATTATTTCATCGGCAGGAG ACGTGTGTAGGCTGGAGCTGCTTC, which consisted of 50 or 55 nt of putA (putA sequences are underlined) and 25-or 22-nt sequences flaking promoter::lacZ::cat in the above-described plasmids. The ϳ5-kbp PCR products were purified and transformed into bacteria carrying a Red helper plasmid (pKD46) by electroporation. This putA::test promoter::lacZ::cat construct was confirmed by PCR. 
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Growth conditions. Except when indicated otherwise, cultures were grown in LB medium (Difco Laboratories) containing 1% NaCl with vigorous aeration at 37°C. For solid support medium, 1.5% granulated agar (Difco Laboratories) was included. Nutrient broth and brain heart infusion medium were purchased from Difco Laboratories. Antibiotics were obtained from Sigma Chemical. When present, antibiotics were added at the following concentrations: 50 g/ml ampicillin, 50 g/ml kanamycin, 15 g/ml chloramphenicol, and 15 g/ml tetracycline.
Protein analysis of culture supernatants. Cultures were grown in 5 ml LB broth with antibiotics and vigorous aeration overnight and then harvested. Bacteria were pelleted at 8,000 ϫ g for 15 min, and supernatants were immediately transferred into clean tubes. The supernatants were filtered through a 0.45-m-pore-size syringe filter (Sartorius), and proteins were precipitated with cold trichloroacetic acid at a final concentration of 10%. The proteins were collected by centrifugation at 8,000 ϫ g at 4°C for 15 min and resuspended in 1 ml cold acetone. These mixtures were centrifuged for 15 min at 8,000 rpm at 4°C, and pellets were resuspended in 20 l 1ϫ phosphate-buffered saline (PBS). Protein sample buffer containing ␤-mercaptoethanol was added to the samples, which were boiled for 5 min, and proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (7.5%). Proteins were visualized with silver stain (63) . Protein markers were obtained from Bio-Rad.
␤-Galactosidase assay. ␤-Galactosidase assays were performed essentially as described previously by Miller (45) except that cells were permeabilized with Koch's lysis solution (51) . For determinations of ␤-galactosidase levels in bacteria at different stages of growth, bacteria cultured overnight were diluted 1:50 into medium with or without antibiotics as described in the text. Cultures were incubated further at 37°C to stationary phase. Samples were taken for enzyme assays at regular time intervals. Each strain was assayed in triplicate, and average enzyme activities were plotted as a function of time.
Primer extension analysis. Total RNA was obtained from Salmonella serovar Gallinarum strains using Trizol reagent according to the manufacturer's instructions (Invitrogen). Approximately 50 g total RNA was isolated from 50 ml cell culture. The primers used to detect the hilA and ssrB transcripts were SGhilApx (5Ј-TAATCACAGTTAGTTATAACAATATTATTA-3Ј) and SGssrBpx (5Ј-CG CGAGGGCAGCAAAATCAAAGAATATAAG-3Ј), respectively. The 32 P-labeled primers (50,000 cpm) were coprecipitated with 50 g total RNA. Primer extension reactions were performed as described previously by Shin et al. (58) .
Infection assay. Infection (gentamicin protection) assays were performed essentially as described previously (40) . Mouse peritoneal macrophages (MPM) from specific-pathogen-free BALB/c mice and chicken peritoneal exudate macrophages (CPM) and chicken embryo fibroblasts (CEF) from specific-pathogenfree inbred Salmonella-susceptible White Leghorn chickens (8 to 12 weeks old) (Hy-Vac, IA) (68, 69) were prepared as previously described (8) . RAW264.7 cells and HEp-2 cells were grown in Dulbecco's modified Eagle's medium (Gibco BRL) with 10% fetal bovine serum (Gibco BRL) at 37°C under 5% CO 2 . Bacteria were grown to the early stationary phase and resuspended at the appropriate dilution in cell culture medium for the infection of cell monolayers. Bacteria were added to MPM, CPM, RAW264.7, CEF, and HEp-2 cells at the ratios indicated in the text, and the mixtures were incubated at 37°C under 5% CO 2 for 30 min. Infected cells were washed three times with PBS (pH 7.4), Dulbecco's modified Eagle's medium containing gentamicin (20 g/ml; Sigma) was added, and the mixtures were incubated for the indicated time period. Intracellular bacteria were harvested by extraction with lysis buffer (0.05% Triton X-100 in PBS [pH 7.4]) and replica plated for colony counting on brain heart infusion agar plates.
Immunostaining and fluorescence microscopy. HEp-2 and RAW264.7 cells were plated onto eight-well LabTec Chamber slides (Nunc). These cells were washed twice with PBS and placed into Dulbecco's modified Eagle's medium (with 5% fetal bovine serum). A bacterial culture grown overnight was subcultured into LB broth, grown to early stationary phase, and used for invasion. The animal cells were infected with bacteria at a multiplicity of infection (MOI) of 10 and incubated for 8 h in the presence of 20 g/ml gentamicin. After incubation, the animal cells infected with serovar Gallinarum were fixed with formaldehyde (3.7%) and stained with anti-LAMP1 mouse monoclonal antibody (H4A3; Santa Cruz Biotech), Texas Red-conjugated goat anti-mouse immunoglobulin G (IgG) (Molecular Probes), and DAPI (4Ј,6Ј-diamidino-2-phenylindole) according to the protocol described previously by Scott et al. (55) . Salmonella serovar Gallinarum was detected by rabbit anti-salmonella IgG and fluorescein isothiocyanate-conjugated donkey anti-rabbit IgG (Serotec). Colocalization of intracellular serovar Gallinarum with SCV markers (LAMP1) was determined using an Olympus BX51 microscope and an imaging program (analySIS LS starter) (55) .
PCR amplification and analysis of SPI-encoded genes. For PCR analysis of serovar Gallinarum isolate used in this study, oligonucleotide primers (Genotech, Daejon, South Korea) targeting the genes in SPI-1 to SPI-5 of serotype Typhimurium were used (Table 2) (1). PCRs were performed in a total volume of 50 l containing 1ϫ PCR buffer without MgCl 2 , 2.5 mM MgCl 2 , 1 g DNA/ ml, 0.3 M each primer, 0.25 mM each deoxynucleoside triphosphate, and 1 U Taq DNA polymerase (Takara). PCRs were carried out using a Bio-Rad thermocycler. Species-specific amplification consisted of 30 cycles of 1 min at 94°C, 45 s of an annealing step, and 45 s at 72°C. The first cycle of the amplification program was preceded by incubation for 5 min at 94°C and followed by a final 5-min extension step at 72°C. Negative controls containing no DNA template were included in parallel. Five-microliter samples of the PCR products were analyzed by electrophoresis in a 0.7% agarose gel in Tris-acetate-EDTA buffer and visualized by UV illumination after ethidium bromide staining.
RESULTS

Analysis of SPIs in Salmonella serovar Gallinarum.
In an attempt to elucidate the pathogenic mechanism of serovar Gallinarum, we carried out comparative studies between serovar Gallinarum and a better-characterized serovar, serovar Typhimurium. The representative serovar Gallinarum used in this study was isolated from the chicken liver with fowl typhoid in a South Korean broiler farm and identified by the modified rapid slide agglutination test in 2001 (53) . The natural serovar Gallinarum isolate used in this study was found to be fully infectious, suggesting that the strain contains all virulence components necessary for fowl infection (see below) (31) . The genetic organization of this serovar Gallinarum isolate was investigated by determining sizes of the genes amplified by PCR using the primer sets specific to DNA sequences within SPI-1 to SPI-5, previously employed to analyze the variation between serovars of S. enterica within SPIs (Table 3) (1). PCR amplification was performed with chromosomal DNA isolated from serovar Gallinarum. The PCR products, a total of 14 amplicons, were found to be exactly the same size as those predicted for serovar Typhimurium (Fig. 1) . All the SPI loci from different serovars share approximately the same distribution of similarities as the genomes as a whole (varying between 97.7% and 98.6% identity), which suggested that they were acquired soon after the divergence of Salmonella from E. coli (22, 44, 46, 48) . Thus, we speculated that the genetic structure of the serovar Gallinarum isolate, at least that of the SPI loci, does not differ significantly from that of serovar Typhimurium, implying that the roles of these genes in serovar Gallinarum and serovar Typhimurium may be similar.
Expression from major promoters in SPI-1 and -2 in Salmonella serovar Gallinarum. It was previously shown that SPI-1-encoded genes in serovar Typhimurium are expressed at the onset of stationary phase when bacteria are grown under standard laboratory conditions, in LB with vigorous aeration, and that early-stationary-phase cultures are therefore most invasive (63) . This was found to be due to the selective expression of the master regulator hilA upon entry into stationary phase. Similarly, it was previously reported that SPI-2-encoded genes are also activated at entry into stationary phase under the same aerobic growth conditions (66) . We therefore monitored the levels of expression of hilAp and ssrABp (located in SPI-2) in serovar Gallinarum under standard growth conditions. First, transcription from these promoters was verified in serovar Gallinarum. Total RNA was extracted from serovar Gallinarum cells grown to early stationary phase, and specific transcripts generated from hilAp and ssrABp were analyzed by the primer extension method (Fig. 2) . This analysis revealed that the DNA sequences surrounding the two promoters (between positions Ϫ200 and ϩ100) and the transcription start sites were the same, suggesting that a similar mechanism governs these promoters. Next, hilAp and ssrABp activities were determined in serovar Gallinarum cells carrying these promoters fused to lacZ. To avoid possible complications due to changes in the copy number of plasmid-borne test promoters during growth to stationary phase, we placed the promoter::lacZ constructs on the serovar Gallinarum chromosome near the putA site using a modified linear DNA transformation method (19, 24) .
We found that both promoters were activated at the onset of stationary phase when serovar Gallinarum was grown under standard conditions, as determined by the ␤-galactosidase assay (Fig. 3) , further supporting the possibility that at least SPI-1 and SPI-2 in serovar Gallinarum function similarly as in serovar Typhimurium. 14) was obtained using the respective primer sets shown in Table 3 . The primer sets specific to sequences flanking the indicated SPI genes were the same as those previously described (1). To further validate the functional expression of SPI-1 genes in serovar Gallinarum, we determined the presence of secreted effector proteins (35) in the culture medium at the onset of stationary phase (Fig. 4) . Total supernatant was collected, precipitated, and analyzed by SDS-PAGE. The secreted proteins SipA (89 kDa), SipB (67 kDa), SipD (62 kDa), and SipC (42 kDa) were clearly detected in the supernatant of the serovar Gallinarum culture, similar to what was seen for the serovar Typhimurium culture (63) . These proteins were not observed in mutants lacking the hilA or sipADCB gene block, validating the positive role of hilA in the expression of SPI-1 genes. It should be noted that these effector proteins were also undetected in a serovar Gallinarum mutant defective in ppGpp synthesis (⌬relA ⌬spoT) (see below). Analysis of the DNA region encompassing SPI-1 in serovar Gallinarum by pulsedfield gel electrophoresis/long-range PCR (71) or comparative genomic hybridization (10, 50) revealed that it is not markedly different from that in serovar Typhimurium, suggesting that a mechanism similar to that in serovar Typhimurium would govern the expression of those SPI-1 genes in serovar Gallinarum.
Entry of Salmonella serovar Gallinarum into cultured animal cells. To monitor the entry of animal cells and intracellular replication by serovar Gallinarum, we first determined its internalization capability using various animal cells including MPM, HEp-2, RAW264.7, CPM (peritoneal exudates), and CEF cells (Fig. 5) . Human pharyngeal epithelial HEp-2 cells and murine macrophage-like RAW264.7 cells are the most commonly used cell lines to assay for infection by serovar Typhimurium. MPM and chicken-derived cells (CEM and CEF) were extracted from BALB/c mice and Salmonella-susceptible White Leghorn chickens, respectively (8, 69) . Serovar Gallinarum has been shown to proliferate in macrophages from the susceptible line due to the inefficient expression of proinflammatory chemokines and cytokines (68, 69) . Serovar Gallinarum cells grown under the standard conditions were mixed with the animal cells at an MOI of 10 for 30 min, and intracellular bacteria were counted. Serovar Typhimurium was included as a control. The number of intracellular bacteria varied depending on the cell type. However, it was clear that serovar Gallinarum inefficiently entered each of these cell types, at about 10% of the frequency of that observed for serovar Typhimurium (ST), which might be due to a different antigenicity (O9) or a lack of motility (4, 68) . This result is consistent with reports that serovar Gallinarum poorly internalizes and survives in animal cells, even those of chicken origin (3, 14) .
We then analyzed the entry of serovar Gallinarum at different phases of growth cultured under standard conditions (LB with aeration) into phagocytic (RAW264.7) and nonphagocytic (HEp-2) cells (Fig. 6, black bars) . Most interestingly, the internalization capability of serovar Gallinarum during exponential growth (2 h) was significantly greater than that at early (4 h) or late (8 h) stationary phase and overnight culture in both cell types. Clearly, this finding is inconsistent with the hilAp activity measured under standard growth conditions (Fig. 3) . It was previously reported that the expression of SPI-1-encoded genes including TTSS components is activated during growth under specific culture conditions (2). Specifically, anaerobiosis was shown to increase the internalization of serovar Typhimurium by HEp-2 cells (2, 25, 39). We therefore grew serovar Gallinarum in low oxygen and measured its invasiveness using the same animal cells (Fig. 6, gray bars) . In contrast to what was seen for serovar Typhimurium (63), serovar Gallinarum grown in low oxygen was more invasive than when grown under standard conditions. Moreover, exponential-phase serovar Gallinarum grown in low oxygen was consistently most invasive for both types of animal cells. We therefore determined the levels of expression from hilAp in serovar Gallinarum and serovar Typhimurium grown in low oxygen using hilAp::lacZ fusion strains and found that hilAp was activated at the onset of stationary phase, similar to what was found under standard growth conditions (Fig. 7) . Note that the degree of induction was much greater in serovar Gallinarum than in serovar Typhimurium. This set of results revealed a discrepancy: the early-exponential-phase culture was most readily internalized, while hilA and, therefore, those SPI-1 genes under its control were highly expressed later at the onset of stationary phase irrespective of growth conditions. These results suggested that for serovar Gallinarum, SPI-1 genes might not be involved in the uptake into animal cells.
Intracellular localization of Salmonella serovar Gallinarum. SPI-1-encoded TTSS in serovar Typhimurium are essential for the internalization of bacteria into both phagocytic and nonphagocytic cells, and they function by actively reorganizing the host cell actin cytoskeleton. Once inside the host, the bacteria reside in large SCVs that selectively interact with elements of the endocytic pathway (64) . We therefore examined whether internalized serovar Gallinarum was associated with the SCV despite the apparent absence of a functional role for SPI-1-encoded genes in internalization, as indicated by the abovedescribed results. LAMP1, a lysosomal glycoprotein known to be recruited to mature SCVs within 30 min of infection (52), was visualized together with serovar Gallinarum by microscopy. Phagocytic (RAW264.7) (Fig. 8, top) and nonphagocytic (HEp-2) (Fig. 8, bottom ) cells were infected with serovar Gallinarum at an MOI of 10 and incubated for 8 h before staining for LAMP1 and bacteria with specific antibodies and nuclei with DAPI. In both cell types, we could visualize SCV by staining for LAMP1 in cytosolic compartments following serovar Gallinarum infection. Serovar Gallinarum colocalized with LAMP1 in SCVs only in the infected cells (Fig. 8A and B) . Note that LAMP1 in uninfected cells was distributed evenly in the cytosolic compartments (Fig. 8C ). It appears that serovar Gallinarum as well as serovar Typhimurium can generate SCVs, although its SPI-1-encoded TTSS and effector proteins may not play an obvious role during the internalization into animal cells.
A Salmonella serovar Gallinarum mutation affecting entry and intracellular survival. Finally, to identify the gene or gene block involved in the internalization of animal cells by serovar Gallinarum, we created a series of mutations at serovar Gallinarum loci reported to be implicated in early stages of pathogenesis by various Salmonella serotypes. These included hilA, invF, and the sipADCB gene block in SPI-1; ssrAB in SPI-2; the sef gene block in SPI-10; siiE in SPI-4; and the pilV gene block (23, 30, 72) . SsrA and/or SsrB, a sensor kinase, in serovar Typhimurium is required for the expression of SPI-2 genes (12, 20, 34, 47, 57) . A gentamicin protection assay (38) was employed to enumerate the intracellular bacteria after incubation of serovar Gallinarum mutants and nonphagocytic HEp2 cells for 30 min (Fig. 9) . Only a mutant defective in ppGpp synthesis (⌬relA ⌬spoT) exhibited a strikingly reduced level of internalization (Ͼ90%).
Subsequently, we determined the entry and intracellular replication capacities of ppGpp-defective mutants in various animal cells including RAW264.7, MPM, CPM, CEF, and HEp-2 cells (Fig. 10) . Serovar Gallinarum derivatives with mutations in hilA in SPI-1 or in ssrAB in SPI-2 were also included. Wildtype serovar Gallinarum was internalized by these cells at a rate of about 0.1% at an MOI of 1 (10 6 cells and 10 6 bacteria) irrespective of cell type. The number of intracellular wild-type serovar Gallinarum cells increased ϳ10 3 -fold during 24 h of incubation in all cell types. The ⌬hilA mutant internalized and replicated like wild-type serovar Gallinarum, and the ⌬ssrAB mutant invaded as well as the wild type but replicated poorly in all cell types tested. The ppGpp-defective mutant internalized much less efficiently than the wild type (ϳ10-fold less) and failed to replicate intracellularly in all cell types. We therefore determined the expression of SPI-2 genes in serovar Gallinarum using the strain carrying the ssrABp::lacZ construct inserted near the chromosomal putA locus under standard growth conditions (Fig. 11) . ssrABp was found to be activated in wild-type serovar Gallinarum as the culture entered stationary phase but not in the ppGpp-defective mutant. It was suggested that ppGpp was required for the activation of ssrAB, which in turn allowed the expression of the SPI-2 genes necessary for the intracellular replication of serovar Gallinarum. Taken together, we concluded that serovar Gallinarum internalizes animal cells through a route independent of SPI-1 but dependent on ppGpp and that SPI-2-encoded proteins under ppGpp control are essential for intracellular replication.
DISCUSSION
In this study, using a clinical strain of Salmonella serovar Gallinarum isolated from a chicken liver with typical fowl typhoid, we found that (i) serovar Gallinarum was capable of invading and replicating in animal cells within SCVs (Fig. 8); (ii) serovar Gallinarum at the exponential phase grown under low-oxygen conditions was most readily internalized (Fig. 6) ; (iii) SPI-1 was not required for internalization, although it was functionally expressed and excreted similarly as in serovar Typhimurium at the onset of stationary phase in a ppGpp-dependent manner (Fig. 3, 4 , 7, and 10); (iv) an unidentified gene(s) under the control of ppGpp was involved in internalization ( Fig. 9 and 10) ; and (v) SPI-2, also expressed at the onset of stationary phase in a ppGpp-dependent manner, was required for the intracellular replication of serovar Gallinarum ( Fig. 10  and 11 ).
It should be noted that serovar Gallinarum internalized animal cells, even those extracted from Salmonella-susceptible White Leghorn chickens, at a rate about 10% of that of serovar Typhimurium (Fig. 5) . But following entry, the intracellular serovar Gallinarum level increased by roughly 1,000-to 10,000-fold during a 24-h incubation (ϳ10 3 to ϳ10 7 ), as estimated by the gentamicin protection assay (Fig. 10) . It was previously reported that serovar Gallinarum is phagocytosed by macrophages of both avian and murine hosts at a rate of Ͻ10% of that of serovar Typhimurium (9, 49) . The reduced level of invasion by serovar Gallinarum, especially in vitro, has been ascribed to its poor motility (4, 68) and the absence of mannose-sensitive hemagglutination type 1 fimbriae (70). Type 2 fimbriae expressed by serovar Gallinarum play no role in adherence and invasion of bacteria in animal cells (32) . Based on the lack of evidence of membrane ruffling or macropinocytosis during serovar Gallinarum entry, as examined by transmission electron microscopy, it has been suggested that serovar Gallinarum is taken up by murine phagocytic cells by a mechanism different from that for serovar Typhimurium (49) . It is, however, not the scope of this study to elucidate the difference between serovar Gallinarum and serovar Typhimurium for the invasion of animal cells. Nevertheless, we could localize serovar Gallinarum in LAMP1-positive vacuoles in both phagocytic (RAW264.7) and nonphagocytic (HEp2) cells (Fig. 8) . Irrespective of the mechanism of invasion, the serovar Gallinarum employed in this study seems to be as capable as serovar Typhimurium in proliferating in SCVs.
We found that serovar Gallinarum carries all SPI loci found Fig. 1 and 2 ). It was previously reported that all the SPI loci from different serovars are not significantly different enough to account for genomic changes that contribute to a serovar's degree of host adaptation (22, 44, 46, 48) . In the case of serovar Gallinarum, no obvious alternation has been reported, especially in the SPI-1 region in serovar Gallinarum, as assessed by multilocus enzyme electrophoresis or whole-genome microarray. These methods, however, would not allow one to monitor the differences on a minor scale, like transcriptional changes due to point mutations, silencing of genes, and small deletions (10, 22, 44, 46, 48, 50, 71) . Note that we could generate various deletion mutants of serovar Gallinarum based on serovar Typhimurium sequences by homologous recombination using the lambda Red system (19) . In addition, some of the mutants (⌬hilA and ⌬sipADCB) displayed the expected defects of the secreted protein profiles (Fig. 4 ). This suggests that there are no major genetic rearrangements between serovar Typhimurium and serovar Gallinarum, at least in these regions of the genome. It was interesting that SPI-1 genes in serovar Gallinarum seemed to play no role in animal cell internalization, as examined using MPM, CPM, CEF, HEp-2, and RAW264.7 cells (Fig. 9 and 10) . No obvious defect in the internalization of these cells was noted with serovar Gallinarum derivatives carrying mutations in hilA or invF, which are responsible for the coordinated expression of SPI-1 genes (15, 17, 18, 42) and in the sipADCB gene block, which encodes the proteins involved in effector translocation mediated by SPI-1-encoded TTSS (Fig. 4) (13) . It was previously reported that the internalization frequency of serovar Typhimurium was severely impaired by the mutation in hilA, invF, or sipADCB genes (15, 16, 73) . Taken together, it was perceived that the pathogenesis of fowl typhoid by serovar Gallinarum would be different from that of murine typhoid by serovar Typhimurium, as suggested previously (59, 60) . It was previously shown that serovar Gallinarum preferentially invaded the cecal tonsil and Peyer's patch in chicken lacking peripheral or mesenteric lymph (5, 41) . It is therefore possible that the uptake of serovar Gallinarum may not require SPI-1 genes even though these were clearly expressed (Fig. 3, 4, and 7) . However, this interpretation would be inconsistent with a previous study that reported the role of the SPI-1 and SPI-2 TTSS on the virulence, uptake, distribution, and pathology of serovar Gallinarum infections in the chicken through experimental infections with functional knockout mutations in either the SPI-1 TTSS (spaS) or the SPI-2 TTSS (ssaU) (37) . The SpaS Ϫ mutant was found to be less invasive, as determined in vitro using primary chick kidney cells while fully persistent within chicken macrophage-like cells. In contrast, the SsaU Ϫ mutant was fully invasive in chick kidney cells but failed to persist in macrophages. This discrepancy may also be due to differences in our clinical strain isolated from a South Korean broiler farm and the previously described strain SG9 (62) . However, we also found with the inbred Salmonella-susceptible White Leghorn chicken that the SPI-1 mutant was fully virulent, while the SPI-2 mutant was not (data not shown).
In an attempt to identify the protein(s) involved in animal cell internalization, if any, we examined those genes known to play roles during early stages of Salmonella pathogenesis (28) . Among many candidates identified from the literature, three gene blocks on pathogenicity islands were identified in serovar Gallinarum by PCR amplification using the primer sets specific to DNA sequences within their respective SPIs (data not shown). These include the sef operon in SPI-10, implicated in uptake and survival in macrophages (23) ; siiE in SPI-4, implicated in adhesion to eukaryotic cells (30) ; and the pilV gene block, implicated in type IV pilus-mediated intestinal cell attachment by Salmonella enterica serovar Typhi (72) . However, none of these genes was found to be involved in the internalization of animal cells by serovar Gallinarum (Fig. 8) . Instead, we observed that a ppGpp-defective serovar Gallinarum strain entered animal cells at ϳ10% or less of the wild-type invasion frequency and did not persist within vacuoles as judged by bacterial survival and direct microscopic visualization (data not shown). A simple explanation is that ppGpp is required for the expression of the protein(s) involved in the internalization of animal cells by serovar Gallinarum. Under standard laboratory growth conditions, the transition from the exponential phase to the stationary phase presumably represents a stress condition that is sensed and translated to the intracellular signal ppGpp. Based on a microarray analysis of serovar Typhimurium gene expression, we found that roughly 7.1% of open reading frames were increased upon entry into the stationary phase (data not shown). Interestingly, most SPI genes, if not all, were induced at entry into the stationary phase. All this stationary-phase gene induction required ppGpp. Thus, the protein(s) responsible for the internalization of serovar Gallinarum might also be induced at the stationary phase in a ppGpp-dependent manner. Confirmation of this idea awaits the identification of the protein(s). Nevertheless, our findings suggest that virulence-associated genes are induced under the stress conditions that Salmonella encounters in the intestinal lumen and inside various host cells during the course of animal infection (43) .
